Ethylene glycol (EG) is a developmental toxicant in pregnant rats and mice. A suggested mechanism for this toxicity is that the EG metabolite, glycolic acid (GA), causes acidosis which may affect the embryonic heart rate (HR). This inhibition would cause periods of embryonic bradycardia and arrhythmia resulting in increased embryonic death and malformation in surviving embryos. This hypothesis was investigated using gestational day (GD) 11 and 13 rat embryos in vitro. Increasing concentrations of GA or lactic acid in the incubation medium caused a decrease in external pH (pH e ) and a concentrationdependent decrease in embryonic HR. Increased concentrations of GA or lactic acid with pH e corrected to normal levels did not affect HR. Severely decreased pH e , caused by reduced NaHCO 3 in the incubation medium, had little effect on the HR of GD 13 embryos but substantially reduced the HR of GD 11 embryos. These results suggest that increased monocarboxylate concentration (glycolate or lactate) needs to be in combination with increased H þ concentration (low pH e ) to influence the embryonic HR. These results implicate the monocarboxylate transporter reported to be present in the early postnatal rat heart, the chick embryonic heart throughout development, and the chorioallantoic placenta. The results showed some evidence that the adverse effect of GA and reduced pH e on the embryonic HR increased with duration of exposure and hence lends support to the suggested mechanism of embryotoxicity for EG.
Ethylene glycol (EG; ethane-1,2-diol) is widely used as an antifreeze and in the manufacture of polyester fibres and polyethylene terephthalate. There are many instances of its accidental or deliberate ingestion (Mowry et al., 2012) . An overdose causes a metabolic acidosis that can lead to severe systemic toxicity and sometimes death. EG is metabolized to glycolic acid (GA; 2-hydroxyethanoic acid) and it is the circulating GA that causes the metabolic acidosis.
Studies in pregnant rats and mice with EG administered by gavage have shown that it is a developmental toxicant causing increased embryonic death and in surviving embryos severe growth retardation and malformations including cleft lip, cleft palate, and myelomeningocele (Price et al., 1985) . The toxicity in rats is associated with saturated GA oxidation resulting in high maternal blood levels of GA and accumulation of GA in the rat embryo (Carney et al., 2002; Pottenger et al., 2001) . In contrast, EG is not developmentally toxic in rabbits (Tyl et al., 1993) possibly because of low levels of GA in the maternal blood and embryos compared with levels recorded in the rat (Carney, 1994; Carney et al., 2008) .
The actual mechanism underlying GA teratogenicity is not established, although an interaction between GA and acidosis in the rat has been implicated from studies conducted both in vivo and in vitro (Carney et al., 1996; Khera, 1991) . Acidosis has previously been implicated in the teratogenicity of the human teratogen trimethadione (Azarbayjani and Danielsson, 2002) . Trimethadione is metabolized to dimethadione, a weak acid that causes significant intracellular acidosis (Butler et al., 1966) . Extracellular acidosis (pH 6.5) has been reported to reduce the delayed rectifying potassium current (Ikr) in adult rabbit cardiomyocytes (Vereecke and Carmeliet, 2000) but in another study no effect on Ikr tail current was observed at the same pH (Van Slyke et al., 2012) . It has been hypothesized that extracellular acidosis could affect Ikr in cells of the embryonic heart and be a mechanism for teratogenicity of other compounds that cause acidosis (Azarbayjani and Danielsson, 2002) . The early mammalian embryonic heart is highly dependent on Ikr for action potential repolarization and its partial inhibition in rat embryos results in bradycardia and arrhythmia of the embryonic heart. Periods of embryonic bradycardia/arrhythmia have been shown to cause increased embryonic death and birth defects in surviving embryos .
Thus, it is unclear whether the observed teratogenicity in the rodent is because of EG or metabolic acidosis. Using an in vitro model, it is possible to separate these 2 possible causes. To investigate the hypothesis that acidosis decreases the heart rate (HR) in rat embryos, a novel in vitro technique was used where the response of the embryonic heart to changed culture conditions such as acidosis is directly observed. The effect of pH e , 2 different monocarboxylate substrates-GA and L-(þ)-lactic acid (LA)-as well as their interaction upon the HR of gestation day (GD) 11 or 13 rat embryos was investigated.
MATERIALS AND METHODS
The University of Sydney Animal Ethics Committee approved all animal work in this study. Sprague Dawley (SD) rats were mated overnight and examined the next morning for a spermpositive vaginal smear. The rats that had mated were separated and this day was considered GD 0. On GD 11 or 13, the pregnant dams were killed by CO 2 inhalation. The uterus was removed, washed in phosphate-buffered saline (Sigma-Aldrich, St. Louis, Missouri), opened and each decidual swelling was removed. The decidua and Reichert's membrane were removed, leaving the embryo surrounded by an intact yolk sac. A small incision was made in the yolk sac, avoiding damage to major blood vessels, and the embryo was eased through the incision and the amnion was opened.
Pre-exposure incubation period. The culture medium Dulbecco's Modified Eagle's Medium (DMEM 5030 Sigma-Aldrich, St. Louis, Missouri) used in the initial 1-h incubation is a protein-free basic formulation of amino acids, vitamins, salts, and additional supplementary components (Sigma-Aldrich product information). About 3 amino acids and 4 vitamins in this solution are conjugated with HCl giving the medium a pH of 5.5 after equilibration with 5% CO 2 . To increase the pH to physiological levels, sodium bicarbonate (NaHCO 3 , Sigma-Aldrich, St. Louis, MO.) was added to give a final concentration of 17.9 mM. After gassing with 95% O 2 , 5% CO 2 for 30 min, the pH of this incubation solution was 7.3-7.4. For all studies, D-glucose was added to give a final concentration of 25 mM.
Each GD 11 or GD 13 embryo was placed in a separate culture bottle in 2.5 ml of this initial incubation medium. The bottles were placed on a rotator (11 rotations per minute) in an incubator maintained at 38 C and continually gassed with 95%O 2 , 5%CO 2 through their attachment to the rotator. The embryos were incubated for 1 h to allow recovery from the preparation process. The embryos were then examined under a dissecting microscope and video recorded for 20 s to record their HR. The video recording occurred while the embryos were still in the bottles, the temperature of the culture medium being maintained with a heated stage. Damaged embryos were rejected at this stage.
Experimental studies. After the initial 1-h recovery incubation, each embryo was gently tipped from its bottle into a petri dish containing phosphate-buffered saline and placed in a new incubation bottle using a pipette. The embryos were randomly assigned to the prepared treatment bottles and incubated for a further 1-3 h depending on the experiment. Each experimental group contained approximately 10 embryos.
To investigate the effect of 1-h exposure to low external pH on the HR of GD 11 and 13 embryos. All embryos were initially incubated for 1 h in the neutral medium at pH 7.3-7.4 before being placed in new bottles with DMEM 5030 containing varying amounts of added NaHCO 3 . The pH of the culture medium was measured before the embryos were added and at the end of the experiment after the embryos were video recorded. During the course of the 1-h culture, pH increased by an average 0.06. At the end of the experiment, reference embryos in medium containing 17.9 mM NaHCO 3 had a mean pH 7.3-7.4; experimental embryos in medium containing either 1.5 mM NaHCO 3 (pH 6.2-6.3) and no added NaHCO 3 (pH 5.8-5.9) ( Tables 1 and 2 ). The volume of medium was 2.5 ml for each GD 11 embryo. Due to the buffering effect of the larger embryos, GD13 embryos were cultured in 4 ml of medium containing 17.9 mM NaHCO 3 and 8 ml of medium for those with 1.5 mM NaHCO 3 or no added NaHCO 3 .
To investigate the effect of 1-h exposure to GA on the HR of GD 11 and 13 embryos. Two experiments were performed. In the first experiment, GA (Sigma-Aldrich, St. Louis, Missouri) was dissolved in water, and added at varying concentrations to reference medium (17.9 mM NaHCO 3 ). Final GA concentrations were 6, 12, 16, 17.5, 19, and 25 mM. This resulted in increasingly acidotic medium with a pH range of 7.2-4.2 (Tables 1 and 2 ). For GD 13 embryos, the medium volume was 4 ml and the added GA or water was 80 ll. For GD 11 embryos, the volume of medium was 2.5 ml for each embryo and the GA or water was added in 50 ll. The pH of the culture medium and HR of the embryo was recorded before the embryos were added and at the end of the experiment. In the second experiment, the same basic experimental design was used to test the effect on the HR of GD 11 and GD 13 embryos of 25 or 12 mM GA with different concentrations of NaHCO 3 (Tables 1 and 2 ).
To investigate the effect of 1-h exposure to LA on the HR of GD 11 and 13 embryos. The basic experimental design was the same as for GA. For GD 11 embryos, LA (Sigma-Aldrich, St. Louis, Missouri) was tested at 6 mM with 17.9 mM NaHCO 3 and at 12 mM with 14.3, 17.9, and 33.3 mM NaHCO 3 . For GD 13 embryos, 6 and 12 mM LA was tested with 17.9 mM NaHCO 3 , 25 mM LA were tested with 17.9 and 44.0 mM NaHCO 3 (Tables 1 and 2 ).
To investigate the effect of 3-h exposure to GA on the HR of GD 11 and 13 embryos. The basic experimental design was the same as for GA exposure for 1 h. GD 11 embryos were exposed to 6 or 12 mM GA with 23.8 or 33.3 mM NaHCO 3 , respectively. GD 13 embryos were exposed to 6 mM GA and 16.7 mM or 23.8 mM NaHCO 3 . The pH of the solutions was measured before the embryos were added, after 1 h of incubation and at the end of the 3-h exposure period, after the embryos had been video recorded.
Image analysis The video recordings of the embryonic hearts were examined and analyzed using software developed at the University of Uppsala (Khan et al., 2008) . Where possible the atria and ventricles of the heart were identified on the video image and manually marked. Movement of that region was then detected by the program and recorded as a plot over a 15-s period. The video recordings were made at 30 frames per second.
The program measures light-dark intensity changes in the selected area of the heart and on this basis, can estimate HR and individual inter-beat time.
Statistics After analysis of the videos, embryonic HR was classified as regular, irregular, or arrhythmic. Arrhythmic heartbeats refer to apparently random contractions and partial contractions of the atria and ventricles. Irregular heartbeats refer to traces that show alternate atrial and ventricular contractions with variable interbeat times. Dead (asystole) embryos and those with an arrhythmic beat were not included in the prediction model or statistical analysis of HR.
In our experience, a sample size of 10 treated embryos is sufficient to detect a difference in the mean change in HR of approximately 10% with power of 0.8 and a Type I error probability of 0.05.
Differences in HR before and after intervention were compared longitudinally as well as between reference and experimental embryo groups by multilevel mixed regression. The concentration of 2-hydroxy carboxylic acid (2-HA; glycolic or LA), the concentration of NaHCO 3 , and sampling time were used as independent categorical variables in the model, and the measured pH of the samples was used as a dependent covariate to predict pH-adjusted HR (HR 0 ). In the 3-h time course experiment, pH was not measured at the 2-h time point; instead, because CO 2 absorption/desorption into/from buffer approximates to zero-order kinetics (L ıvansk y, 1982) , and following evaluation of the measured data at the other time points, the value at the 3-h time point was used in its place. All analyses were conducted using Stata 14 (Statacorp LLC, College Station, Texas), with the level of statistical significance set at A¼0.05.
Osmolality The osmolality of selected culture medium samples was measured using a freezing point depression osmometer (Wescor Vapro 5600). The following medium samples were measured in duplicate: (1) DMEM 5030 medium with 25 mM D-glucose and NaHCO 3 concentrations of 13.1, 17.9, 33.3, and 44.0 mM; (2) DMEM 5030 medium with 25 mM D-glucose, 17.9 mM NaHCO 3 , and GA concentrations of 0, 6, 12, 17.5, 19 , and 25 mM; and (3) DMEM 5030 medium with 25 mM D-glucose, 17.9 mM NaHCO 3 , and LA concentrations of 0, 6, 12, and 25 mM.
RESULTS

Experimental System
Measured HR and pH, predicted HR (HR 0 ), change in predicted HR (DHR 0 ), as well as heart rhythm and viability indices, are presented in Tables 1 and 2 (1-h experiments) and Table 3 (3-h experiments). All embryos were incubated initially for 1 h in neutral medium consisting of DMEM 5030 with added glucose and 17.9 mM NaHCO 3 gassed with 95% O 2 , 5% CO 2 . This medium had a mean pH of 7.35. At the end of the 1-h incubation, GD 13 embryos have a vigorous heartbeat of over 220 beats per minute (bpm) ( Table 2 ). GD 11 embryos also survive well under these conditions with a HR of over 180 bpm (Table 1) . Embryos with a regular heart beat were then transferred to reference or experimental medium; this time point was defined as 0 h for subsequent analysis and reporting.
Model Predictivity
The predictivity of the mixed regression model, and the influence of within-sample and within-group pH variance, were Horizontal lines separate model components, R denotes the reference group for each model. a Number of embryos: N, normal heart rhythm; I, irregular heart rhythm; A, arrhythmic; D, dead/asystolic. Zero values are omitted for clarity. b Mean adjusted heart rate (HR 0 ), change in adjusted heart rate (DHR 0 ), measured heart rate (HR), and measured pH after the pre-treatment incubation period in neutral medium ( 0 ) and after 1 h incubation in reference or experimental medium ( 1 ). Measured values are only presented for those embryos used in the subsequent prediction model analyses (ie, N þ I). determined by regressing mean predicted HR (HR 0 , Tables 1-3) , estimated with and without pH as covariate, against mean measured HR. Without pH as covariate in the model, the regression between HR 0 and HR was close to unity. For GD 11 embryos, the coefficient (slope) was 0.9999999 and the constant (intercept) was 0.0000166, whereas for GD 13 embryos, the coefficient and constant were 1 and 3.62 Â 10 À7 , respectively (R 2 ¼1.0000 in both cases). When pH was included as a covariate in the model, the coefficient and constant for GD 11 embryos were 1.034411 and À6.107584 (R 2 ¼0.9956), whereas for GD 13 embryos they were 0.9935429 and 1.383487 (R 2 ¼0.9979). In all cases, the influence of measured pH in the model was not statistically significant (p > .05). Nevertheless, all HR 0 reported herein were determined with measured sample pH included as covariate in the prediction model.
The Effect of Low External pH on the HR of GD 11 and 13 Embryos Embryos were transferred into medium containing 0 mM, 1.5 mM, or 17.9 mM NaHCO 3 (reference group) to achieve initial experimental pH ranges of 5.49-5.62, 6.14-6.24, and 7.31-7.37, respectively (Tables 1 and 2 ; Figure 1 ). After a further 1 h, embryo HR and medium pH were determined. GD 11 embryos transferred into reference medium showed a small decrease in HR at the end of the experimental period (Table 1 and Figure 1A ). Embryos in medium at pH 6.4 showed a range of adverse effects. About 1 of 10 embryos was asystolic, 2 embryos had severe arrhythmia, whereas the remaining 7 embryos had a mean HR reduction of 22% compared with the reference group (p < .05). In the pH 5.9 group, 3 of 10 embryos were asystolic. The 7 remaining embryos had a HR reduced by 22% (p < .05).
GD 13 embryos transferred into reference medium showed a small increase in HR at the end of the second hour of culture (Table 2 and Figure 1B ). Embryos in medium at pH 6.2 survived well with a mean decrease in HR of 2.8% at the end of the second hour of incubation. In the pH 5.8 group, of 11 embryos, 8 had a normal heart beat with mean HR reduction of 3.8%. There was 1 asystolic embryo, 1 arrhythmic, and 1 with irregular heartbeat. For both lower pH groups, the heart beats of surviving embryos were vigorous with no evidence of a negative inotropic effect.
Dead embryos or embryos with irregular or arrhythmic heart beat are rare in untreated GD 11 or GD 13 embryos, so the observed incidences are considered biologically significant.
The Effect of Different Concentrations of LA and GA on HR of GD 11 and 13 Embryos Similar experiments were performed with embryos transferred to medium containing GA or LA for the experimental incubation period (Tables 1 and 2 ). The concentration of NaHCO 3 was kept constant at 17.9 mM. The initial pH ranged from 4.2 to 7.2, depending on the concentration of GA or LA.
For GD 11 embryos, the highest tested concentration of GA (25 mM) resulted in a pH of 4.2 and killed all the embryos (Table 1 ). In the medium containing 16 mM GA (pH 6.6), 2 embryos became asystolic. The 8 surviving embryos had a reduced Values represent mean (SE); n ¼ N þ I. *p < .05, change in HR 0 from HR HR of 39% compared with the reference group (p < .05). Four had an irregular heartbeat. Embryos exposed to 12 mM GA (pH 7.0) had a 9.7% decrease in HR but with no arrhythmias (p < .05). Lower concentrations of GA did not cause a significant decrease in HR (Figure 2A ). For GD 13 embryos, the highest tested concentration of GA (25 mM) resulted in a pH of 5.1 and killed most (14/17) of the embryos (Table 2 ). There was only 1 surviving embryo with a normal heart beat but reduced HR (192 bpm). There was 1 embryo with arrhythmia and 1 with an irregular rather than arrhythmic HR (176 bpm). At 19 mM GA (pH 6.1), most GD 13 embryos survived with a mean HR reduction of 27% (p < .05). Over half of the surviving embryos showed an irregular pattern of heartbeats. At lower concentrations of GA, the effect on HR became less severe and 6 mM GA was the LOEC compared with the reference group ( Figure 2B) .
A reduced number of similar experiments were performed with embryos transferred to medium containing LA for the second hour. The 2 acids gave generally similar results at equimolar concentrations (Tables 1 and 2 ; Figure 2 ).
The Effect of GA or LA at Different pH on the HR of GD 11 and 13 Embryos Further experiments were performed comparing a constant GA or LA concentration at different NaHCO 3 concentrations resulting in different pH levels (Tables 1 and 2 ). The most extreme contrast was seen when comparing the effect of 25 mM GA (pH 4.2, 5.1) with 25 mM GA adjusted to pH 7.3-7.4 on either GD. Normalizing the pH greatly reduced the severe embryotoxicity that was observed at low pH. The effect of 12 mM GA was also compared at 3 different pH levels (approximately 7.4, 7.0, and 6.4; Tables 1 and 2). The HR of both the GD 11 and GD 13 embryos decreased with decreasing pH (Figure 3) . GD 11 embryos were more sensitive than GD 13 embryos when cultured in the presence of either monocarboxylate at neutral pH. The HR of GD 11 embryos decreased by 21% in the presence of 25 mM GA, and by 7.3-7.5% in the presence of 12 mM GA or LA; in contrast, the HR of GD 13 embryos decreased by < 2% at both concentrations.
A reduced number of similar experiments were performed with embryos transferred to medium containing LA (Tables 1  and 2 ). Similar to GA, the results showed that correcting the pH to normal physiological values reduced the adverse effect of LA on HR (Figure 3 ).
Three-Hour Exposure Studies
To investigate whether the effect of GA on HR might intensify with duration of exposure, GD 11 and GD 13 embryos were exposed for 3 h to concentrations of 0, 6, or 12 mM GA (Table 3 and Figure 4 ). When pH was maintained at 7.3-7.5 there was no evidence of a decrease in HR of GD 11 embryos with duration of exposure to up to 12 mM GA. In the second study, GD 13 embryos were exposed for 3 h to 6 mM GA at pH approximately 7.3 or approximately 7.1. Those embryos that were exposed to GA in the slightly acidified medium showed a gradual reduction in HR with increasing duration of exposure.
Osmolality
To determine if hyperosmolarity was likely to be a contributing factor in the study, the osmolality of selected medium samples was measured. The results showed that osmolality was primarily determined by the NaHCO 3 concentration. For NaHCO 3 concentrations of 13.1, 17.9, 33.3, and 44.0 mM, osmolality was 253, 257, 288, and 303 mOsmol/kg H 2 O, respectively. Increasing GA Mean adjusted heart rate (HR 0 ), change in adjusted heart rate (DHR 0 ), measured heart rate (HR), and measured pH after the pre-treatment incubation period in neutral medium ( 0 ) concentrations at constant NaHCO 3 did not significantly alter osmolality. Osmolality was 257, 265, 256, 259, 259, 266, and 267 for GA concentrations of 0, 6, 12, 17.5, 19, and 25 mM, respectively, at 17.9 mM NaHCO 3 . Results were similar for LA, osmolality was 257, 259, 262, and 263 for LA concentrations of 0, 6, 12, and 25 mM, respectively, at 17.9 mM NaHCO 3 .
DISCUSSION
The short-chain carboxylic acid transporter, that is, monocarboxylate transporter (MCT) isoforms 1-4, is found in all species studied (Omlin and Weber, 2013) . It is a symporter that facilitates the transport of lactate and other monocarboxylates across the plasma membrane (Halestrap and Wilson, 2012) , by first binding a proton (H þ ) followed by a monocarboxylate anion (eg, pyruvate, lactate, glycolate). MCT1 is prominent in the adult heart with a major function of moving LA into or out of cells depending on their metabolic state (Halestrap, 2012 (Halestrap, , 2013 Vaughan-Jones et al., 2009) . LA and ketone bodies are moved into the cell for use as respiratory fuel. Conversely, during hypoxia or anoxia when cells become dependent on glycolysis, LA is exported from the cell (Halestrap, 2013) . MCT1 has been detected in the early postnatal rat heart (Hatta et al., 2001) , in cultured myotubes isolated from preterm (GD 21) rat embryos (von Grumbckow et al., 1999) , and throughout heart development in the chick embryo (Han et al., 2006) , suggesting it is A B Figure 1 . The effect of pH on heart rate in GD 11 and GD 13 rat embryos. The change in predicted pH-adjusted heart rate (DHR 0 ) over an incubation period of 1 h at 3 graded pH levels (17.9 mM, 1.5 mM, or 0 mM NaHCO3) is shown as the decrement from the initial value measured before exposure was initiated. A, GD 11; B, GD 13. Circles represent group mean and shaded areas the 95% CI, the average measured pH over the incubation period is indicated; †p < .05 DHR 0 for each group over the course of incubation, comparing HR A B Figure 2 . The effect of GA and LA on heart rate in GD 11 and GD 13 rat embryos. The change in predicted pH-adjusted heart rate (DHR 0 ) over an incubation period of 1 h in the presence of varying concentrations of either GA or LA (2-HA), and a single concentration of NaHCO3 (17.9 mM), is shown as the decrement from the initial value measured before exposure was initiated. A, GD 11; B, GD 13. ᭺, control; h, GA; ᭝, LA. Shaded areas represent the 95% CI, the average measured pH over the incubation period is indicated; †p < .05 DHR 0 for each group over the course of incubation, comparing HR 0 1 to HR 0 0 ; *p < .05 DHR 0 for each experimental group compared with the control group. Only 2 embryos could be evaluated for the 25 mM GA (GD 13) group and only 1 for the 25 mM LA (GD 13) group, and are thus omitted for clarity. For further details, see Tables 1 and 2. expressed in the developing rat heart. MCT1 and MCT4 have also been identified in the chorioallantoic placenta of rodents, rabbits, and humans (Moore et al., 2016; Nagai et al., 2010; Settle et al., 2004 Settle et al., , 2006 . MCT is not energy-dependent as it is solely driven by concentration gradients. The direction of transport is determined by the relative intra-and extracellular concentrations of monocarboxylates and H þ . The H þ gradient contributes to the rate at which the monocarboxylate ion is co-transported and the concentrations achieved. Equilibrium is reached when the concentration ratios of monocarboxylate and H þ across the plasma membrane are equal (Halestrap, 2012) .
Inside the cell the monocarboxylate and H þ dissociate, potentially resulting in intracellular acidosis. Cells have many mechanisms for controlling their intracellular pH (pH i ), including an inherent pH buffering capacity, Na
À co-transporters, and MCT (Casey et al., 2010) .
Glycolic and Lactic Acid
In the present study, it was shown that 1-h exposure of GD 13 rat embryos to high extracellular concentrations (25 mM) of GA at pH e 5.1 caused most embryos to become asystolic (Table 2) . However, the same concentration of GA at pH e 7.3 had little effect upon the HR or viability of the embryos. Similar results Figure 3 . The effect of pH in the presence of GA or LA on heart rate in GD 11 and GD 13 rat embryos. The change in predicted pH-adjusted heart rate (DHR 0 ) over an incubation period of 1 h in the presence of varying concentrations of NaHCO 3 and 12 mM of GA (h) or LA (᭝) is shown as the decrement from the initial value measured before exposure was initiated. A, GD 11; B, GD 13. Circles represent group mean and shaded areas the 95% CI, the average measured pH over the incubation period is indicated; †p < .05 DHR 0 for each group over the course of incubation, comparing HR A B Figure 4 . The effect of time and pH upon GA-induced reduction in pH-adjusted heart rate (HR 0 ) in GD11 and GD13 embryos. A, GD 11 embryos were exposed over a period of 3 h to either 0 mM GA, pH 7.4 (᭺, reference group); 6 mM GA, pH 7.4 (᭝); or 12 mM GA, pH 7.4 (h). B, GD 13 embryos were exposed over a period of 3 h to either 0 mM GA, pH 7.4 (᭺, reference group); 6 mM GA, pH 7.4 (᭝); or 6 mM GA, pH 7.2 (h). HR and pH were measured at the start of the incubation period, and hourly thereafter. Shaded areas represent 95% confidence intervals; †p < .05 DHR 0 for each group over the period of incubation, comparing HR range À0.02% to þ 0.03% of HR, within-sample pH changed by between À0.08 and À0.11 over the duration of the experiment. For further details, see Table 3 .
A B
were obtained with LA. These results are as predicted from the properties of MCT and the role of a proton gradient to facilitate transport of GA or LA into cells. Similarly, uptake of 1 mM 14 C-GA by GD 11 rat embryos was 2.5-fold greater at pH e 7.1 than pH e 7.8, showing a functional relationship between the disposition of GA, with its accompanying proton, and acidic pH e (EllisHutchings et al., 2014) . Furthermore, the toxicity of GA to cultured whole rat embryos is exacerbated under acidic culture conditions, whereas acidotic culture medium on its own was largely without effect (Carney et al., 1996) . These studies provided evidence that glycolate enters embryos even at slightly alkaline pH e , but that sequestration is enhanced under conditions of acidic pH e . Since, in the present studies, GA exposure at physiological pH e had no effect on HR, it seems unlikely that the glycolate ion itself is toxic to cells. In the present study both GA and LA caused a similar concentration-dependent decrease in pH of the embryo incubation medium (Tables 1 and 2 ) which is consistent as GA and LA have similar acid dissociation constants (GA pK a ¼3.83; LA pK a ¼3.86). GD 13 embryos incubated with increasing concentrations of GA or LA showed a concentration-dependent decrease in HR ( Figure 2B ).
Our results suggest that the effect on embryonic HR was a result of exposure to a combination of increased carboxylate concentration and low pH e . This was clearly demonstrated when the embryos were exposed to constant concentrations of GA or LA at different pH e (Tables 1 and 2; Figure 3) .
The effect on the embryonic HR of combined exposure to monocarboxylates and decreased pH e was compared with exposure to decreased pH e caused solely by reduction of NaHCO 3 in the incubation medium. The results showed that GD 13 embryos were highly resistant to reduced pH e under these conditions. A pH e as low as 5.8 was associated with a reduction in HR of 3.8%; in comparison, a pH e of 6.5 resulting from the addition of 12 mM GA and 13 mM NaHCO 3 to the incubation medium caused an 18% decrease in HR ( Table 2 ). The additional cardiotoxicity of low pH e caused by LA and GA is thought to be related to MCT facilitating the transport of protons into the embryo, and possibly also its cardiac cells, and not to the presence of GA or LA per se.
GD 11 Versus GD 13 Embryos
In this and other studies (Nilsson et al., 2013) , GD 11 embryos have a lower HR (approximately 185 bpm) compared with GD 13 embryos (approximately 225 bpm). Exposure of GD 11 and GD 13 embryos to GA or LA had similar effects on embryonic HR under similar exposure conditions with some evidence that the GD 11 embryos were more sensitive. GD 11 embryos were much more sensitive than GD 13 embryos to low pH caused by reduced NaHCO 3 . These differences may reflect different ion channel activity in the embryonic heart of GD 11 and GD 13 embryos (Nilsson et al., 2013) and/or differences in maturity of the pH control mechanisms of the cardiac cells. For instance, there is evidence that the pH i of rat embryos progressively decreases during the organogenic period; rat embryos had a reported pH i of 7.47 on GD 11, 7.31 on GD 13, and 7.11 on GD 14 (Collins et al., 1989) .
GA and Its Effect on the Embryonic Heart
The original aim of this study was to provide a possible explanation for the observed teratogenicity of EG in rats. It was proposed that exposure to the EG metabolite GA during the organogenic period of rat pregnancy would affect the functioning of the embryonic heart causing reduced HR, arrhythmias, disturbances in embryonic blood flow, and hypoxia. These changes could cause permanent damage to the embryo resulting in malformation or death.
The results do show that GA can reduce the HR of the embryo in a time-, concentration-, and pH e -dependent manner. The lowest concentration causing a consistent effect on HR over a 1-h incubation period in either GD 11 or GD 13 embryos was 12 mM GA at pH e approximately 7.0. This concentration of GA was greater than that occurring in in vivo rat teratology studies and the pH was lower (Carney et al., 1999) . In the present studies, exposure to GA was mostly for 1 h, whereas in vivo exposure could last longer. Our 3-h exposure studies provide some evidence that increased exposure times resulted in a progressive lowering of the HR, with 6 mM GA at pH 7.1-7.2 representing the LOEC. C max values of 8.4 mM GA have been reported in pregnant rats exposed to a developmentally toxic dose of GA (650 mg/kg, PO) with the blood pH dropping by approximately 0.1 compared with control. GA blood levels and pH returned to normal within 24 h (Carney et al., 1999) . Furthermore, it was suggested that AUC glycolate may be an important determinant in teratogenic outcome, rather than solely focussing on C max , and the results of our time-dependency study do lend support to this theory. Our results suggest that some effect of GA on embryonic heart activity may be expected in vivo.
It has also been suggested that the effect of GA on the embryonic heart are the result of the induced acidosis inhibiting the cardiac current Ikr as suggested for the teratogenic effect of trimethadione (Azarbayjani and Danielsson, 2002) . Dofetilide, a specific inhibitor of Ikr does cause a concentration-dependent reduction in the embryonic HR of GD 13 rat embryos (Abela et al., 2010) and it remains a possibility that low pH e does affect this current (Vereecke and Carmeliet, 2000) . However, studies of the effect of low pH e on isolated adult rat heart (Aberra et al., 2001) , rat cardiac cell preparations (Cheng et al., 2009; Watson and Gold, 1995) , and other models (Carmeliet, 1999; Crampin et al., 2006; Du et al., 2011; Jones et al., 2011; Khan et al., 2006; Van Slyke et al., 2012; Vilin et al., 2012) have shown effects on a range of other cardiac ion channels. The contribution of low pH i to these effects is unclear. Low pH i is also reported to reduce Ca þþ binding to troponin C reducing the force of cardiac contraction (Orchard and Kentish, 1990) but to have no effect on Ikr (Van Slyke et al., 2012) .
CONCLUSIONS
This study has shown that external acidification as low as pH 5.5 has minimal effects on the GD 13 rat embryonic HR. However, external acidification in the presence of the glycolate or lactate anion has a more severe effect, implicating MCT1 as a carrier for the transfer of protons across the cell membrane. It is not the H þ e or glycolate in isolation that affects the embryonic heart but the 2 in combination. The lowest concentration of GA causing a significant reduction in embryonic HR was 6 mM at pH 7.1-7.2 for 3 h causing a approximately 15% reduction in HR. These results provide evidence that GA can reduce embryonic heart activity and hence lend support to the original suggested mechanism of toxicity of EG when administered to pregnant rats.
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